ZnFe2O4 hollow spheres and ZnFe2O4 hollow spheres / RGO composites with different RGO contents were successfully synthesized using a one-pot solvothermal method. The morphology and microstructure of the as-prepared samples were characterized through multiple techniques. The gas-sensing experiments include the effects of operating temperature and RGO mixing mass on the gas-sensing response, the selectivity and the response of the sensor based on 0.5 wt% ZnFe2O4/RGO to acetone in various concentrations. The experimental results reveal that the mixing of graphene into ZnFe2O4 hollow spheres can improve the performance of the sensors to low-ppm-level acetone vapor, and the sensor based on 0.5 wt% ZnFe2O4/RGO exhibits good sensitivity and selectivity to 0.8-10 ppm acetone vapor at 200℃. So, the sensor based on 0.5 wt% ZnFe2O4/RGO may be applied to detect diabetes mellitus via quantitative measuring of the acetone from respiratory gases of patients if the response is improved further and the operating temperature is further optimized.
Introduction
Acetone, as a volatile organic compound, is chemically active and extremely flammable. It also behaves toxicity, and the long-term exposure to the gas will pose a threat to human health. Furthermore, acetone is also a fat metabolite in the body. According to the related literature (1) (2) , the concentration of acetone in the exhaled gas of healthy people is less than 0.9 ppm, while the content of acetone in exhaled gases of diabetic patients is higher than that of healthy people (the acetone content is higher than 1.8 ppm), can help diagnose diabetes. So, it is necessary to study novel micro/nano-materials, which can be applied in high-performance gas sensors to detect or monitor the concentration of acetone.
Single metal oxide has been widely studied as gas sensitive material, such as ZnO (3) , WO3 (4) , α-Fe2O3 (5) , SnO2 (6) , In2O3 (7) and TiO2 (8) . However, the response and recovery characteristics of single-phase gas sensitive materials to VOCs or other reducing gases still need to be enhanced. Multioxides, such as ABO3, are more selective and sensitive to certain gases than the single oxide. Zinc ferrite (ZnFe2O4), a typical spinel ferrite, is a kind of semiconductor with a narrow band gap width (~1.9 eV), which possesses a variety of excellent characteristics and attracts much attention in the field of gas sensing. In recent years, the preparation methods of ZnFe2O4 gas-sensitive materials mainly include co-precipitation (9) (10) , sol-gel method (11) and template method (12) , etc., which can prepare ZnFe2O4 nanomaterials with different morphologies, such as nanorods and hollow spheres, and are mostly used to detect reducing gases.
As a carbon-based new material, graphene possesses a high specific surface area and a unique structure in which sp 2 hybrid carbon atoms are tightly packed in a two-dimensional honeycomb lattice. Its applications in thermal, electrical and mechanical fields show the superiority of graphene over traditional materials. Liu et al. (13) solvothermally synthesized graphene-ZnFe2O4 composite and investigated the effects of graphene mixing on the gas sensing performance of acetone vapor. It was found that 0.125 wt% graphene-ZnFe2O4 showed the best sensing performance to acetone at 275 ℃. However, the operating temperature still needs to lower further for achieving low power consumption and practical application.
Herein, in order to further study the gas sensing performance of graphene-ZnFe2O4 composite, we prepared ZnFe2O4 hollow spheres and ZnFe2O4 hollow spheres/RGO composites via a one-pot solvothermal method. The morphology, structure and acetone sensing performance were discussed. Moreover, the optimum RGO mixing ratio and operating temperature are 0.5 wt% and 200 ℃ , respectively.
Experimental details 2.1 Synthesis of ZnFe2O4 hollow spheres and ZnFe2O4
hollow spheres/RGO composite Firstly, 0.5 mmol of Zn(CH3COO)2·2H2O and 1 mmol Fe (NO3)3·9H2O were dissolved in the mixed homogeneous solution of isopropanol and glycerol. Then the above-mixed solution was added into the Teflon-lined autoclave (100 mL), which was subsequently heated at 180 ℃ for 12 h and naturally cooled to room temperature. The precursors were obtained by centrifugation and drying. Subsequently, the as-prepared powders were annealed at 400 ℃ for 2 h in the air with a heating rate of 5 ℃·min . Ultimately, the ZnFe2O4 hollow spheres were obtained.
The preparation of them was similar to synthesis of ZnFe2O4 nanospheres. The difference between the two processes is as follows: The GO aqueous dispersion solution was further ultrasonic dispersed, then the mixture of Zn(CH3COO)2·2H2O and Fe (NO3)3·9H2O dissolved in the same mixed organic solvents was added into the GO aqueous dispersion solution. Subsequently, it is necessary to magnetically stirrer the mixture with low speed for 1 h to obtain the desired products: 0.1 wt % ZnFe2O4/RGO, 0.25 wt% ZnFe2O4/RGO, 0.5 wt % ZnFe2O4/RGO, 1 wt% ZnFe2O4/RGO.
Characterization methods and measurement of the gas sensing performance
The surface morphologies and elemental analysis of ZnFe2O4/RGO powders were measured by a field-emission scanning electron microscope (S4800Ⅱ, Hitachi, Japan). The microstructure of samples was detected by a transmission electron microscope (JEM-2100, Japan).
The obtained pure ZnFe2O4 and ZnFe2O4/RGO powders were mixed with a certain amount of deionized water to form a paste and were coated on the surface of sensor substrates to fabricate the thin sensing films. Subsequently, the sensor substrates were dried to obtain ZnFe2O4/RGO gas sensors. After the aging for 12 h at 300 mA current, a series of pure ZnFe2O4 and ZnFe2O4/RGO gas sensors were finally obtained. The gas sensing tests were carried out in a homemade testing system. The temperature of sensors was measured via a domestic digital thermometer, and the temperature was controlled by adjusting the applied voltage. In the study, the sensor response is calculated as: S = Rair /Rtarget gas, where Rair and Rtarget gas is the resistances of the sensors in air and target gas atmosphere, respectively. Fig. 1 shows FE-SEM images of pure ZnFe2O4 hollow spheres and ZnFe2O4/RGO. The as-synthesized ZnFe2O4 powders are spherical and the diameter of spheres is 800-1000 nm. It can also be seen from Fig. 1 (a) that the pure ZnFe2O4 hollow spheres are composed of small-size nanosheets. Moreover, the diameter of ZnFe2O4/RGO powders has no change when the RGO content increases from 0.1 to 1wt%, as shown in Fig. 1 (b) , (c), (d), and (e). However, when the RGO content exceeds 0.25 wt%, there are a part of ZnFe2O4 hollow spheres which are composed of small-size nanoparticles, the variation may be resulted from that more aqueous solution are introduced into the organic solvent as the increase of RGO content. Fig. 1 . FE-SEM images of (a) pure ZnFe2O4 hollow spheres and (b-e) ZnFe2O4/RGO (RGO contents are 0.1 wt%, 0.25 wt%, 0.5 wt% and 1 wt%, respectively).
Results and discussions

Morphologies and microstructure properties
TEM images of pure ZnFe2O4 hollow spheres and 0.5 wt% -ZnFe2O4/RGO samples are shown in Fig. 2 , which further indicates the as-synthesized pure ZnFe2O4 and ZnFe2O4/RGO powders are both hollow sphere structure. Furthermore, when RGO is introduced in the ZnFe2O4 hollow nanomaterial, the surface of ZnFe2O4 spheres become more regular, which is consistent with the results shown in SEM images. Moreover, RGO sheets are not enough obvious to be observed, which may owing to the smaller sheet size of graphene. Fig. 2 . TEM images of (a) pure ZnFe2O4 hollow spheres and (b) ZnFe2O4/RGO.
Gas sensing performance
Fig . 3 shows the responses of five ZnFe2O4/RGO sensors to 100 ppm acetone vapor at 150 -225 ℃. The responses of all the five sensors obtain a certain enhancement when the operating temperature increases from 150 ℃ to 200 ℃. The variation should be attributed to the low surface activation energy of sensing layer under low temperature. When the operating temperature is 200 ℃, 0.5 wt% ZnFe2O4/RGO sensor can reach the highest value of 70.4. When the temperature is further increased, the responses decrease quickly, which is ascribed that the excessive temperature leads to the fast diffusion of acetone molecules on the surface of sensing materials. Thus, the optimal operating temperature is chosen as 200 ℃. Subsequently, the dynamic response/recovery curves of all five ZnFe2O4/RGO sensors to 0.8 -10 ppm acetone vapor at 200 ℃ are tested, as shown in Fig. 4 . It could be observed that the significant enhancement of the response when the mass fraction of RGO increases from 0 to 0.5 wt%. Especially, the sensor based on 0.5 wt% -ZnFe2O4/RGO sensor shows the best sensing performance. The response to 10 ppm acetone vapor is 8.18, and the response to 0.8 ppm is 1.50. However, the response starts to decrease with the further increase of RGO content. Herein, ethanol, methanol and formaldehyde are selected to measure the selectivity of 0.5 wt% -ZnFe2O4/RGO sensor at 200 ℃. The responses to 10 ppm acetone, ethanol, methanol and formaldehyde are 8.18, 2.76, 2.05 and 1.31, respectively. Hence, 0.5 wt% -ZnFe2O4/RGO sensor has a good selectivity to 10 ppm acetone vapor.
Conclusions
In summary, we found that the response of the sensors based on ZnFe2O4 to low-ppm-level acetone vapor can be improved by mixing graphene. The RGO mass fractions of as-synthesized ZnFe2O4/RGO are 0.1, 0.25, 0.5 and 1wt%. With the introducing of the RGO, the sphere size has no obvious change whereas the surface structure was modified. The 1 wt% -ZnFe2O4/RGO sensor exhibits fine sensitivity and good selectivity to 10 ppm acetone vapor at 200 ℃, the response of 1 wt% -ZnFe2O4/RGO and pure ZnFe2O4 sensor to 10 ppm acetone are 8.18 and 3.40, respectively. This sensor shows a good potential for the detection of acetone vapor in practical application. It may be applied to detect diabetes mellitus via measuring the acetone vapor if the response is improved further and the operating temperature is lower as well as the amount relation of sensing response versus concentration of acetone is found.
